Leucine dehydrogenase [EC 1.4.1.9] is an NAD+-depen dent oxidoreductase that catalyzes the reversible deamina tion of L-leucine and some other branched-chain L-amino acids to their keto analogues. The enzyme, occurring mainly in Bacillus species (1) , functions catabolically in the bacterial metabolism of branched-chain L-amino acids (2) , and has been purified to homogeneity from B. sphaericus (3) and B. stearothermophilus (4) . The gene coding for the B. stearothermophilus enzyme has been cloned, sequenced, and expressed in Escherichia coli (5) . The polypeptide deduced from the nucleotide sequence is composed of 429 amino acid residues with a calculated molecular weight of about 47,000 and corresponds to a subunit of the hexameric enzyme, whose structure has been revealed by a small angle X-ray scattering study (6) . The reaction catalyzed by leucine dehydrogenase proceeds according to the ordered bi-ter mechanism, in which NAD+ and L-leucine are bound and NH,', ƒ¿-keto-iso-caproate, and NADH are released in that order (1, 4 ed by reduction with sodium borohydride, the enzyme was inactivated in a time-dependent manner, reaching a plateau after about 20 min (Fig. 3) . The extent of inactivation depended on the concentration of PLP; about 90% of the original activity was lost by incubation with 4mM PLP. In addition, the inactivation by PLP was also dependent on pH, the enzyme being inactivated most effectively around pH 8.5. The optimum pH for inactivation may reflect the pKaof a reactive lysine residue(s) that is essential for activity. PLP is known to react with a -amino groups of lysine residues in proteins to form a Schiff base that can be reduced by sodium borohydride (14) . Actually, the differ ence spectrum between the enzyme plus PLP and PLP alone exhibited an absorption maximum at 434 nm due to the formation of the Schiff base (Fig. 4a) . The apparent dissociation constant for PLP of the Schiff base was determined to be 0.92mM from the increases in absorb ance at 434 nm in the difference spectra with various concentrations of PLP as described under "EXPERIMENTAL PROCEDURES" (Fig. 4b) . Protection by Coenzymes and Substrates-The protective effect by substrates and coenzymes on the enzyme inactiva tion by PLP was investigated to elucidate where PLP was bound. The enzyme was incubated with 2mM PLP in the presence of 10mM substrate or 2mM coenzyme (Fig. 3b) . iso-caproate or NAD+ alone offered little protective effect. These results can be explained by the ordered sequential mechanism, in which L-leucine is bound to the enzyme following NAD+ in the oxidative deamination, and NADH is bound to the enzyme before the others in the reductive amination (1, 4) . L-Glutamate, a non-substrate amino acid, gave no protection against inactivation by PLP. The marked protection of the enzyme from inactivation by PLP in the presence of NAD+ plus L-leucine or NADH has suggested that the amino group(s) whose modification with PLP leads to the enzyme inactivation is located at the binding site for substrate and/or coenzyme. To examine whether the inactivated enzyme still binds NADH, the amounts of NADH bound to the enzyme protein were measured by the gel permeation method (11) with a Sephadex G-50 column (Fig. 5) . The amount of NADH bound to the modified enzyme (having 28% of its original activity) was 1.08 mol/mol of enzyme subunit, which was almost identical with that (1.09 mol/mol of enzyme sub unit) bound to the unmodified enzyme. This indicates that the modification with PLP does not diminish the binding ability of the enzyme for NADH.
Stoichiometry of Inactivation and Labeling-The en zyme was incubated with various concentrations (0.2-5 mM) of PLP for 30 min and reduced, then the excess reagents were removed by centrifugal ultrafiltration. The fluorescence derived from the pyridoxyllysine moiety, residual activities, and protein concentrations were mea sured. The residual activities were plotted against the amounts of PLP incorporated (Fig. 6) . The line deviated greatly from linearity at high degrees of inactivation and the molar ratio of bound PLP to the enzyme subunit was far above unity. This result shows that PLP is incorporated into several lysine residues other than that (or those) related to the activity.
Identification of Labeled Residues-To identify the lysine residue(s) labeled by PLP, the enzyme was modified with PLP followed by carboxymethylation and then digest ed with trypsin. The digest was separated by HPLC as Lys80-The enzyme was modified with PLP to various extents by changing the incubation time, and the amount of PLP incorporated into Lys80 was determined after diges tion with trypsin and separation by HPLC of the fluorescent peptide (T4) containing Lys80. The amounts calculated from the areas of fluorescence due to peak T, and corrected per mol of enzyme subunit were plotted against the residual activities after the modification. As shown in Fig. 6 , a straight line was obtained, extrapolation of which to 0% remaining activity gave a value of approximately 0.9 for the molar amount of PLP incorporated into Lys80 per mol of enzyme subunit. This result indicates that the modifi cation with PLP of Lys80 is directly related to the loss of enzyme activity and suggests that Lys80 is an active-site residue, presumably playing an essential role in the cataly sis. The other labeled lysine residues (Lys9l, Lys206, and Lys265) may be located at the surface of the enzyme molecule and are functionally unimportant.
Inactivation of the Ala-for-Lys8O Mutant Enzyme by PLP-To confirm that the inactivation of the enzyme by PLP is correlated with the covalent modification of Lys80, the lysine residue was replaced with Ala by site-directed mutagenesis, and the mutant enzyme was treated with PLP. The Ala-for-Lys80 mutant enzyme purified to homo geneity (Fig. 2) had a specific activity of 1.7 units/mg protein, which is markedly lower than that (112 units/mg) of the wild-type enzyme but is detectable under the standard assay conditions with a large amount of the enzyme. When incubated with 2mM PLP followed by reduction with sodium borohydride, the Ala-for-Lys80 mutant enzyme showed no loss of activity at all, whereas the wild-type enzyme was inactivated to 40% of the initial activity (Fig. 3a) . The result clearly demonstrates that the enzyme inactivation by PLP is solely due to the modifi cation of Lys80.
DISCUSSION
PLP has been used to modify reactive lysine residues in various proteins including several NAD(P)+-dependent dehydrogenases (16) (17) (18) (19) (20) (21) (22) , though the modifications are not necessarily active-site-directed (23) . The inactivation by PLP of leucine dehydrogenase from B. sphaericus has also been reported, but the modified lysine residue(s) has not been identified (24) . The present study has shown that the recombinant enzyme from B. stearothermophilus is effec tively inactivated by PLP with concomitant modification of four different lysine residues. Lys80 was predominantly labeled and was selectively protected from the modification in the copresence of substrate and coenzyme. Furthermore, the binding to Lys80 of about 1 mol of PLP per mol of enzyme subunit corresponded to the complete loss of activity. These results lead to the conclusion that only Lys80 is located at or near the active site of the enzyme and the other three lysine residues may be located at the surface of the enzyme molecule without having direct roles in the enzymic functions.
By comparison of the sequence of B. stearothermophilus leucine dehydrogenase with those of proteins registered in the National Biomedical Research Foundation (NBRF) protein sequence data bank (25), we have found that Lys80 in leucine dehydrogenase is conserved in the corresponding regions of all other amino acid dehydrogenases sequenced to date (Fig. 8) ; glutamate dehydrogenases from bovine liver (26) , chicken liver (27) , human liver (28), E. coli (29, 30) , Neurospora (31, 32) , and yeast (33) , phenylalanine dehydrogenases from B. sphaericus (34) , Sporosarcina ureae (35) , and Thermoactinomyces intermedius (36) , and alanine dehydrogenases from B. sphaericus and B. stear othermophilus (37) . It is noteworthy that this lysine residue occurs in a Gly-rich tetrapeptide sequence, (G or H)-G-(G or A or S)-K (38), the flanking regions of which are also highly conservative (Fig. 8) . This finding suggests that
